Centromeres are highly specialized chromatin domains that enable chromosome segregation and orchestrate faithful cell division. Human centromeres are composed of tandem arrays of α-satellite DNA, which spans up to several megabases. Little is known about the mechanisms that maintain integrity of the long arrays of α-satellite DNA repeats. Here, we monitored centromeric repeat stability in human cells using chromosome-orientation fluorescent in situ hybridization (CO-FISH). This assay detected aberrant centromeric CO-FISH patterns consistent with sister chromatid exchange at the frequency of 5% in primary tissue culture cells, whereas higher levels were seen in several cancer cell lines and during replicative senescence. To understand the mechanism(s) that maintains centromere integrity, we examined the contribution of the centromere-specific histone variant CENP-A and members of the constitutive centromere-associated network (CCAN), CENP-C, CENP-T, and CENP-W. Depletion of CENP-A and CCAN proteins led to an increase in centromere aberrations, whereas enhancing chromosome missegregation by alternative methods did not, suggesting that CENP-A and CCAN proteins help maintain centromere integrity independently of their role in chromosome segregation. Furthermore, superresolution imaging of centromeric CO-FISH using structured illumination microscopy implied that CENP-A protects α-satellite repeats from extensive rearrangements. Our study points toward the presence of a centromere-specific mechanism that actively maintains α-satellite repeat integrity during human cell proliferation.
Centromeres are highly specialized chromatin domains that enable chromosome segregation and orchestrate faithful cell division. Human centromeres are composed of tandem arrays of α-satellite DNA, which spans up to several megabases. Little is known about the mechanisms that maintain integrity of the long arrays of α-satellite DNA repeats. Here, we monitored centromeric repeat stability in human cells using chromosome-orientation fluorescent in situ hybridization (CO-FISH). This assay detected aberrant centromeric CO-FISH patterns consistent with sister chromatid exchange at the frequency of 5% in primary tissue culture cells, whereas higher levels were seen in several cancer cell lines and during replicative senescence. To understand the mechanism(s) that maintains centromere integrity, we examined the contribution of the centromere-specific histone variant CENP-A and members of the constitutive centromere-associated network (CCAN), CENP-C, CENP-T, and CENP-W. Depletion of CENP-A and CCAN proteins led to an increase in centromere aberrations, whereas enhancing chromosome missegregation by alternative methods did not, suggesting that CENP-A and CCAN proteins help maintain centromere integrity independently of their role in chromosome segregation. Furthermore, superresolution imaging of centromeric CO-FISH using structured illumination microscopy implied that CENP-A protects α-satellite repeats from extensive rearrangements. Our study points toward the presence of a centromere-specific mechanism that actively maintains α-satellite repeat integrity during human cell proliferation.
centromere | genome integrity | α-satellite repeats | cancer | CO-FISH T he centromere is a specialized genomic locus, which forms the primary constriction in the mitotic chromosomes, and supports kinetochore assembly for faithful transmission of chromosomes to dividing cells (1) (2) (3) . Whereas DNA sequences of the centromere are highly diverged across phyla, the repetitive nature of centromeres is common, from fungi to plants and animals (1, 2) . Human centromeres are characterized by the presence of headto-tail tandem arrays of a ∼171 bp AT-rich α-satellite DNA (3) (4) (5) . These tandem units are further organized into multimeric higherorder repeat (HOR) arrays that are repeated multiple times to form a core centromeric region up to 5 Mb in size (2, 6) . The HORs of all but the human Y chromosome contain a 17-bp motif called the CENP-B box for the specific recruitment of the centromere protein B, CENP-B (Fig. 1A) (7, 8) . Despite the accumulating knowledge of HOR organization, the repetitive nature of the α-satellite has hindered assembly of a contiguous centromere sequence for each chromosome (9) and has made it difficult to understand how the centromeric DNAs are organized at the primary constriction.
Inheritance and functions of centromeric chromatin is epigenetically defined by the centromere-specific histone H3 variant, CENP-A (10). Whereas CENP-A normally associates with the HOR of human centromeres (1, 2, 11) where it marks kinetochore assembly, the fact that neocentromeres, which contain CENP-A but lack α-satellite sequence, are stably maintained during cell divisions (9, (12) (13) (14) (15) , poses the question of why repetitive sequences are widely conserved between organisms. This question represents one of the paradoxes of centromere biology (16) .
Another conandrum is the extent to which α-satellite repeats undergo recombination. Centromeric sequence presents evidence of mutational processes during evolution, including recombination, amplification, replication slippage, and crossovers, that have contributed to the formation of identical tandemly arranged repeats (17) (18) (19) (20) . Suppression of meiotic recombination at centromeres is established in eukaryotes, including human (19, 21) , whereas active mitotic recombination at the centromere has been reported in budding yeast, fission yeast, and mice (22) (23) (24) (25) . In mice, DNA methylation by the DNA methyltransferases DNMT3a/b and chromatin remodeler α-thalassemia mental retardation X-linked protein (ATRX) contruibutes to suppression of centromereassociated sister chromatid exchanges (C-SCEs) (24, 25) , but it remains unclear whether human centromeres actively undergo recombination, and whether a direct mechanism exists to suppress illegitimate recombination within the core centromeric HOR.
In this study, we applied chromosome-orientation fluorescent in situ hybridization (CO-FISH) to centromeres and found that human centromeres can undergo rearrangements in proliferating tissue culture cells. Levels of centromere aberrations increase upon depletion of CENP-A, CENP-C, and CENP-T/W, during replicative senescence, and in cancer cells. Our study reveals a mechanism dependent on CENP-A and its associated proteins that maintains centromere integrity in human cells.
Results
Detection of Human Centromeric α-Satellite Repeats by CO-FISH. To monitor active recombination at human centromeres, we used CO-FISH (hereafter referred to as c-CO-FISH), using strand-specific probes (26) that differentially label the parental forward and reverse strand (3′-5′) of α-satellite DNAs (Fig. 1A) . First, tissue culture cells
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The centromere is a highly specialized genomic locus playing a critical role in chromosome segregation during cell division and is made of characteristic repetitive DNA sequences. Due to their repetitive nature, it has been difficult to study the organization of human centromeres. Here, we present a way to monitor stability of the human centromeres using chromosome-orientation fluorescent in situ hybridization and superresolution microscopy. We show that the centromere-specific histone variant CENP-A and the centromere-associated proteins CENP-C and CENP-T contribute to maintenance of centromere integrity and present evidence of centromere disregulation in cancer and during cellular senescence, which is related to aging. Our study reveals the existence of a centromere-specific mechanism to organize the repetitive structure and prevent human centromeres from suffering illegitimate rearrangements.
were labeled with the nucleotide analogs bromodeoxyuridine (BrdU) and bromodeoxycytidine (BrdC) through a single round of DNA replication before being arrested in the following metaphase. Newly synthesized DNA that is labeled with BrdU and BrdC and subsequently UV nicked is enzymatically digested to reveal the forward and reverse parental strands, which are then hybridized by two strand-specific peptide nucleic acid (PNA) probes differentially labeled with Cy3 (red) and Alexa Fluor 488 (green), respectively. This technique takes advantage of the repetitive nature of the centromere and yielded the expected staining pattern, with each signal, green or red, specifically localized within one parental strand of one chromatid ( Fig. 1 A-C and SI Appendix, Fig. S1A ).
We used two sets of short, unidirectional PNA probes: probe set 1, against a 18-bp sequence found in α-satellite DNA monomers of 18 HORs (Fig. 1B and SI Appendix, Fig. S1 B-D) or probe set 2, complementary to the CENP-B box sequence present within a subset of α-satellite DNAs (Fig. 1C and SI Appendix, Fig. S2 A and  B) . When hybridized in telomerase-immortalized female retinal pigmented epithelial 1 (hTERT-RPE1) cells, the fluorescence intensity of PNA probe set 1 (SI Appendix, Fig. S1B ) hybridized to the centromeres of 14 human chromosomes (SI Appendix, Fig. S1D ), largely consistent with the representation of probe set 1 sequence against the Human Reference (HuRef) Genome (27) (SI Appendix, Fig. S1C ), except for chromosomes 8 (D8Z2), 10 (D10Z1), and 11 (D11Z1) HOR satellite arrays (SI Appendix, Fig. S1 C and D) . This discrepancy may reflect nucleotide divergence across different cell lines. Probe set 2, against the CENP-B box (SI Appendix, Fig.  S2A ), hybridized to most chromosomes in the hTERT-RPE1 cells (SI Appendix, Fig. S2B ). Differences in CENP-B box probe intensity are likely due to the heterogeneous size of the CENP-B box-containing HOR region between chromosomes and the variance in CENP-B box sequences. c-CO-FISH was also able to detect cases of aberrant staining patterns where the sister chromatids are stained with both probes, likely reflecting C-SCE events ( Fig.  1D ; quantified in Fig. 2C ).
Monitoring Integrity of Centromeric α-Satellite Repeats by c-CO-FISH in Cancer Cells. We first examined whether the frequency of the aberrant c-CO-FISH patterns vary among different cell lines. In primary RPE1 cells, more than 90% of chromosomes exhibit stereotypical c-CO-FISH patterns, yet the human bone cancer line U2OS showed a three-to fourfold increase in aberrant c-CO-FISH patterns, where both forward and reverse probes hybridize to the same chromatid ( Fig. 2 A and B and SI Appendix, Fig. S3 B and F). We found different types of centromere aberrations in U2OS ( Fig.  2A , i-iv), in line with evidence suggesting that satellite changes are driven by different mutational processes, from recombination to unequal exchange and translocation (18, 28) . The majority of rearrangements observed were as in Fig. 2A examples i and ii, where each c-CO-FISH probe continuously stains centromeres of both sister chromatids. We interpret this pattern as a C-SCE generated during a single prior cell cycle, some of which result in unequal crossovers. More rarely, we observed cases where one of the sister chromatids contains two distinct regions stained by two different probes and the sum of these regions is larger than the other sister chromatid's centromere ( Fig. 2A, iii) , which may have resulted from an unequal C-SCE or duplicated inversion of the α-satellite cluster. About 1-2% of the total aberrations in the cancer line U2OS appeared to be combinations of both C-SCE and inversion or chromosome fusion ( Fig. 2A, iv) . We excluded from our quantification, chromosomes showing two sets of inverted α-satellite clusters separated by an intervening noncentromeric DNA region (SI Appendix, Fig. S3E ), likely caused by chromosome fusions at genomic loci outside the centromeric domain during past generations.
To exclude the possibility that the aberrant c-CO-FISH pattern was due to a geometrical anomaly of centromeric DNAs rather than DNA rearrangements, Sgo1 was down-regulated by siRNA in U2OS cells to induce premature dissociation of sister chromatids (29) . The CO-FISH signals of both forward and reverse probes can be seen in a single chromatid (Fig. 2D) , suggesting that this aberration is caused by DNA rearrangements. Aberrant c-CO-FISH patterns were found in other human cancer cell lines, including high chromosome instability (CIN) lines (human epithelial cervical and breast cancer cells HeLa and MCF7, respectively), like U2OS, and low CIN lines (human colon cancer cells HCT116) ( Fig. 2C and SI Appendix, Fig. S3 C, D, and F) . Collectively, our data indicate that centromere stability is compromised in several cancer cell lines. Interestingly, we found that chromatin-bound CENP-A was decreased in these cancer cell lines (HeLa, MCF7, and HTC116; SI Appendix, Fig. S3G ), except for U2OS defective in the ATRX pathway (30) (Discussion).
CENP-A Maintains α-Satellite Repeat Stability in Human Cells. To test the possibility that CENP-A contributes to the mechanism that suppresses centromere rearrangements, we depleted CENP-A using two different siRNAs ( Fig. 3A and SI Appendix, Fig. S4A ). Reduced recruitment of CENP-A to chromatin by either siRNA (Fig. 3A) led to an increase in centromere aberrations ( Fig. 3 B and C and SI Appendix, Fig. S4B ). To achieve long-term removal of CENP-A from human cells, we used the diploid hTERT-RPE1 line where the CENP-A gene can be conditionally knocked out (31) . The +/F line contains a wild-type allele and a CENP-A allele flanked by flox recombination sequences, which is removed by viral expression of Cre recombinase, generating the CENP-A +/− genotype. In the −/F line, where the wild-type allele is deleted, Cre-mediated recombination resulted in CENP-A −/− (Fig. 3D) . At the time of harvesting for CO-FISH 6 d post-Cre induction, the CENP-A −/− cells retained their ability to cycle and incorporate BrdU (SI Appendix, Fig. S4H ). As previously shown (31), removal of CENP-A led to a slower cell cycle progression; therefore, we adjusted the length of CO-FISH treatments accordingly. In the CENP-A null cells (
), more than 90% of centromeres in each metaphase exhibited aberrant c-CO-FISH patterns (Fig. 3 E and F and SI Appendix, Fig. S4 C and D) . The CENP-A +/− line also gave a statistically significant increase in centromere aberrations compared with wild-type hTERT-RPE1 cells (Fig. 3 E and F and SI Appendix, Fig. S4 C and D) . c-CO-FISH of CENP-A null cells showed broadly colocalized forward and reverse probes (SI Appendix, Fig. S5 ). In addition, excision of centromeres, where signal was localized outside of DAPI-stained chromosomes, was also observed (SI Appendix, Fig. S4C ). However, telomere-associated SCEs did not increased in these cells (SI Appendix, Fig. S4E ), suggesting that these rearrangements are restricted to centromeres.
To exclude the possibility that the aberrant c-CO-FISH pattern seen in CENP-A-depleted cells was due to a geometrical reorganization of centromeric DNAs rather than bona fide rearrangements, we performed Sgo1 RNAi for 48 h in cells knocked out for CENP-A to accumulate prematurely dissociated sister chromatid (29) . The CO-FISH signals of both forward and reverse probes can be seen in a single chromatid (SI Appendix, Fig. S4F ), suggesting that this aberration is unlikely to be caused by geometrical reorganization of the α-satellite and are instead indicative of C-SCE. This aberrant hybridization pattern depends on the BrdU:C incorporation and exonuclease steps of the CO-FISH procedure (SI Appendix, Fig. S4G ), ruling out the possibility that a change in the frequency of DNA damage or ssDNAs affects the hybridization. These results point toward a pivotal role for CENP-A in stabilizing highly repetitive α-satellite DNA.
Superresolution Microscopy of Centromere Organization Reveals
Disruption of α-Satellites Structure upon CENP-A Depletion. To gain better insight into the severe centromeric aberration in cells depleted of CENP-A, we applied 3D structured illumination microscopy (SIM). In CENP-A knockout cells, whereas both forward and reverse probes were broadly distributed over the primary constriction, the two probes occupy distinct regions, which often do not overlap (Fig. 4 A and B and SI Appendix, Fig. S6A ). These arrangements may reflect multiple crossover events at the centromere. Furthermore, we found an overall change in distribution, size, and shape of the α-satellites, with both CO-FISH probes occupying a broader centromere region in CENP-A knockout cells than in control (Fig. 4 C and D and SI Appendix, Fig. S6A ). These data indicate that CENP-A not only suppresses extensive rearrangement of α-satellites but also plays an important role in structural organization of α-satellites at the primary constriction.
Centromere Instability During the Course of Replicative Senescence.
Because a physiological decline in the level of CENP-A protein has been reported in senescent cells (32) and in islet cells during organismal aging (33), we investigated whether centromere stability deteriorated with cellular senescence. To senesce cells, we passaged primary RPE1 cells that do not express telomerase over multiple population doublings (PDs), until a subset of cells entered replicative senescence as determined by staining with the senescence-associated marker β-galactosidase (Fig. 5A ). c-CO-FISH was then performed on the early passage (5 PDs) and late passage (32 PDs) cells. The number of aberrant CO-FISH patterns significantly increased in late passage cells (Fig. 5 B and C) , indicating that replicative senescence destabilizes not only telomeres but also centromeres.
Depletion of Constitutive Centromere-Associated Network Components, CENP-C and CENP-T/W, Causes α-Satellite Repeat Instability. To better understand the mechanism by which CENP-A suppresses centromeric rearrangements, we investigated the importance of CENP-C and the CENP-T/W complex, which are basal members of the constitutive centromere-associated network (CCAN) and are directly recruited to CENP-A nucleosomes throughout the cell cycle (34) . Acute down-regulation of CENP-C or CENP-T by siRNA in hTERT-RPE1 caused micronuclei formation due to chromosome missegregation ( Fig. 6 A and C and SI Appendix, Fig. S7B ), whereas it did not affect the level of chromatin-or centromere-associated CENP-A ( Fig. 6A and SI Appendix, Fig. S7B ). c-CO-FISH analyses using centromeric probe set 2 ( Fig. 6D ) and probe set 1 (SI Appendix, Fig. S7C ) revealed that siRNA treatment against either CENP-C or CENP-T led to a significant increase in aberrant c-CO-FISH patterns to a level comparable to cells treated with CENP-A siRNA ( Fig. 6 B and D and SI Appendix, Fig. S7C ).
To verify these results, we used HeLa cell lines where CENP-C, CENP-T, and CENP-W can be conditionally knocked out by doxycycline-mediated induction of Cas9 (35) . At 3 d (CENP-W) or 5 d (CENP-C or CENP-T) after doxycycline induction, chromatinassociation and c-CO-FISH pattern were monitored. As previously reported (35) , all knockout treatments led to decrease of chromatinor centromere-associated CENP-T without affecting CENP-A, whereas CENP-C knockout, but not CENP-T or CENP-W knockout, decreased chromatin-associated CENP-C (SI Appendix, Fig. S7 D and E) . Chronic knockout of CENP-W, CENP-C, and CENP-T caused a significant increase in aberrant c-CO-FISH patterns (SI Appendix, Fig. S7F ). We found that a subset of metaphase cells exhibit severe centromeric aberration, where over 80% of CO-FISH positive centromeres are aberrant (Fig. 6F) , resembling the phenotype seen upon CENP-A knockout (Fig. 3F) . Quantifications of these severe centromere aberrations amounted to about 15-25% of the total knockout metaphase cells, whereas fewer than 2% of parental metaphase cells exhibited this phenotype (Fig. 6E) . Our data show that CCAN components CENP-C and CENP-T/W that act downstream of CENP-A are also involved in maintaining stability of the α-satellite repeats.
CENP-A-Dependent Mechanism to Maintain Centromere Integrity
Acts Independently of Chromosome Segregation. Perturbation of CENP-A (SI Appendix, Fig. S8A and ref. 31) , CENP-C, and CENP-T (Fig. 6C ) causes chromosome missegregation due to failure in mitotic kinetochore assembly. To examine the possibility that centromere rearrangements are a byproduct of chromosome missegregation, the Hec1 subunit of Ndc80, the mitosis-specific kinetochore complex critical for end-on microtubule attachment and correct chromosome segregation, was depleted by siRNA (36, 37) in hTERT-RPE1 cells, and c-CO-FISH was performed (SI Appendix, Fig. S8 B-D) . Although Ndc80 depletion induced chromosome missegregation and an increase in interphase cells containing one or more micronuclei (Fig. 7A) , frequency of aberrant c-CO-FISH patterns was not affected (Fig. 7B) , suggesting that induction of centromeric rearrangements is not due to chromosome missegregation. Additionally, we used an alternative method to cause chromosome missegragation by performing a monastrol-washout experiment in hTERT-RPE1 (SI Appendix, SI Methods). Monastrol is an inhibitor of Eg5 that causes mitotic arrest with monopolar spindles (38) . When monastrol is washed out, many kinetochores form merotelic and syntelic attachments, causing chromosome missegregation (39) (40) (41) . Monastrol caused micronuclei formation (SI Appendix, patterns in these cells (SI Appendix, Fig. S8F ). These results indicate that chromosome missegregation during aberrant mitotic division is not causally linked to centromere repetitive DNA instability. Collectively, our data point toward the existence of a CENP-A-dependent mechanism that suppresses centromeric DNA recombination and maintains repeats stability independent of its role on chromosome segregation.
Discussion DNA rearrangements, including unequal exchange, aberrant recombination, amplification, and excision, have been predicted to drive centromere evolution (18) . This prediction raises the question of whether there is an active mechanism to preserve repetitive DNAs at the centromere. Here, we present evidence toward the existence of a CENP-A/CCAN-dependent mechanism that maintains centromere integrity. Consistent with the role of CENP-A in preserving the integrity of α-satellite DNA repeats, reduction of the repeat has been observed at the spontaneously inactivated centromere in the chromosome that gained a neocentromere (42) , although it is not clear whether repeat reduction is a consequence or cause of centromere inactivation. It is possible that removal of CENP-A may induce centromere fragility by dechromatinizing the α-satellites. However, histone H3.3 has been reported to act as a placeholder for CENP-A loading (43) , suggesting that depletion of CENP-A from the centromere may not be sufficient to disrupt nucleosomes. In addition, we show that knockout of CENP-C and CENP-T/W, which depend on CENP-A for their recruitment, also causes severe centromeric aberrations without affecting chromatin-bound CENP-A levels. This suggests that the phenotype we report is unlikely due to reduced nucleosome occupancy at centromeres depleted of CENP-A but rather through CENP-A-dependent recruitment of specific components to centromeres.
As CENP-A and the CCAN associate with the centromere throughout the cell cycle, the mechanism that protects centromere integrity may operate outside of mitosis, particularly in S phase. Just as telomere-binding proteins are required for replication fork progression at the telomere repeats (44) , it is possible that they may contribute to efficient replication at α-satellite DNA, preventing stalled replication forks, subsequent induction of homologous recombination, and centromere instability. Consistent with this idea, a recent study in Xenopus egg extracts suggests that the human α-satellite repeats exhibit a relatively slow rate of replication fork progression (45) . Alternatively, in line with CENP-A being implicated in the DNA damage response (46) , presence of CENP-A on chromatin may directly facilitate the repair of lesions at centromeric repeats. It is also possible that chromatin compaction status may affect centromere integrity. Our 3D-SIM analysis suggests that CENP-A depletion causes an apparent increase in the chromatin volume occupied by α-satellites (Fig. 6F ), in agreement with a previous report showing CENP-A knockout mouse embryos have a more diffuse centromeric domain as stained by CREST (human calcinosis, Raynaud's phenomenon, esophageal dysfunction, sclerodactyly, and telangiectasia) antiserum (47) . Physiologically, CENP-A level decreases during cellular senescence and organismal aging (32, 33) . Consistent with this fact, we found enhanced centromere instability during the course of cellular senescence. An age-related decrease in CENP-A levels may represent a safety mechanism to prevent additional cell division in the presence of centromere instability. Future studies will be required to establish whether the compromised CENP-A and α-satellite DNA repeats can be recovered upon transformation or during generation of induced pluripotent cells.
We found that several cancer cell lines exhibit enhanced rearrangements of the α-satellite DNAs. The centromere instability was not limited to CIN cancer cell lines (U2OS, HeLa, and MCF7) but also found in karyotypically stable HCT116 cells (41) , which is yet defective in intra-S-checkpoint activation during replication and in DNA damage repair (48) . Except for U2OS, cancer cell lines used in this study showed a decrease in chromatin-bound CENP-A. Though its functional significance remains to be tested, the reduction in chromatin-bound CENP-A raises a possibility that centromere instability in cancer cells may be in part due to compromised functionality of CENP-A and CCAN proteins. In U2OS cells, ATRX is deleted and telomere is maintained via the alternative lengthening of telomeres (ALT) pathway (30) . It has been recently shown that C-SCE is enhanced in mouse embryos lacking ATRX, and suggested that this hyperrecombination may result in chromosome breakage at the centromere and fusion (25) . Thus, it is likely that multiple mechanisms drive centromere instability in cancer cells. Our study using the c-CO-FISH unveiled the function of CENP-A and its associated protein in suppressing rearrangements of α-satellite DNA repeats at the human centromere. Further dissection of the mechanism that contributes to the centromere integrity will help in understanding the consequence of enhanced rearrangements at the centromere during aging and cancer development. Additional methods, extended data display, and discussion are available in SI Appendix.
